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Abstract One of the central problems in supernova theory is the question how
massive stars explode. Understanding the physical processes that drive
the explosion is crucial for linking the stellar progenitors to the final rem-
nants and for predicting observable properties like explosion energies,
neutron star and black hole masses, nucleosynthetic yields, explosion
anisotropies, and pulsar kicks. In this article we review different sugges-
tions for the explosion mechanism and discuss the constraints that can
or cannot be deduced from observations. The prompt hydrodynamical
bounce-shock mechanism has turned out not to work for typical stellar
iron cores and empirical values of the compressibility of bulk nuclear
matter. Magnetohydrodynamical models on the other hand contain a
number of imponderabilities and are still far behind the level of re-
finement that has been achieved in nonmagnetic simulations. In view
of these facts the neutrino-driven mechanism must still be considered
as the standard paradigm to explain the explosion of ordinary super-
novae, although its viability has yet to be demonstrated convincingly.
Since spherically symmetric models do not yield explosions, the hope
rests on the helpful effects of convection inside the nascent neutron star,
which could boost the neutrino luminosity, and convective overturn in
the neutrino-heated region behind the stalled shock, which increases the
efficiency of neutrino-energy transfer in this layer. Here we present the
first two-dimensional simulations of these processes which have been
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2performed with a Boltzmann solver for the neutrino transport and a
state-of-the-art description of neutrino-matter interactions. Although
our most complete models fail to explode, convection brings them en-
couragingly close to a success. An explosion could be obtained by just a
minor modification of the neutrino transport, in which case the explod-
ing model fulfills important requirements from observations. We discuss
necessary improvements on the route to finally successful models.
Keywords: Supernovae, Neutrinos, Radiation-Hydrodynamics
1. Introduction
Supernova explosions of massive stars are powered by the gravitational
binding energy that is released when the initial stellar core collapses to
a compact remnant and its radius shrinks from typically a few thou-
sand kilometers to little more than ten kilometers. For solar-metallicity
progenitors with main-sequence masses of less than about 20–25M⊙ the
compact leftover will be neutron star. In case of more massive stars a
black hole will be formed, most likely by the fallback — on a timescale
of seconds to hours — of matter that does not become unbound in the
stellar explosion. But also the direct collapse of the stellar core to a
black hole on a multiple of the dynamical timescale is possible (Woosley,
Heger, & Weaver 2002; Heger et al. 2002).
Since the collapse proceeds essentially adiabatically the total energy
of the stellar core is conserved during the implosion. The gravitational
energy is temporarily stored as internal energy, mainly of degenerate
electrons and electron neutrinos. If rotation plays a significant role in
the progenitor core, a major fraction of the potential energy may also
be converted to rotational energy of the nascent neutron star (or black
hole).
The disruption of the massive star in a supernova explosion now means
that some fraction of the energy in these reservoirs has to be transferred
from the compact central object to the outer stellar layers. What are the
physical mechanisms to mediate this energy transfer to the ejecta? And
on what timescale do they work? Proposals in the literature include the
hydrodynamical bounce-shock, neutrinos, or magnetic fields. The former
would initiate the explosion on a dynamical timescale, whereas the latter
two can establish the energy transfer only on the secular timescales of
neutrino diffusion or magnetic field amplification, respectively.
Unfortunately, observations have so far not been able to yield direct
insight into the processes in the stellar center at the onset of the ex-
plosion. The hope is that a future Galactic supernova will change this
situation by allowing the measurements of a large number of neutrinos
and possibly of a gravitational wave signal in great detail. The few neu-
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trino events discovered in connection with Supernova 1987A were a clear
signal of stellar core collapse and neutron star formation, but they were
not sufficient to reveal the secrets of the explosion. Up to now we have
to exploit the less direct information that is provided by the supernova
light, by the characteristic properties of supernovae and diffuse and com-
pact supernova remnants, and by the nucleosynthesis of heavy elements
which takes place in the immediate vicinity of the newly formed neutron
star.
Section 2 will discuss the constraints for the explosion mechanism that
are associated with such observations. In Sect. 3 we shall briefly review
the different suggestions that have been brought forward to explain the
explosions of massive stars and will critically evaluate our knowledge on
grounds of theoretical considerations. In Sect. 4 we shall summarize the
status of detailed hydrodynamical supernova simulations and their im-
plications for our understanding of the delayed explosion mechanism by
neutrino-energy deposition behind the supernova shock. In Sect. 5 we
shall present the first results of a new generation of multi-dimensional
supernova models which employ a Boltzmann solver for the neutrino
transport and a state-of-the-art description of neutrino-matter interac-
tions. Section 6 will conclude with an appraisal of the results and an
outlook on open ends.
2. Observational Facts
Progress in our understanding of the processes that lead to the explo-
sion of massive stars is mainly based on elaborate numerical modeling,
supplemented by theoretical analysis and constrained by a growing data
base of observed properties of supernovae. The latter may carry imprints
from the physical conditions very close to the center of the explosion.
Observable features at very large radii, however, can be linked to the
actual energy source of the explosion only indirectly through a variety
of intermediate steps and processes. Any interpretation with respect to
the mechansim that initiates the explosion therefore requires caution.
A viable model for the explosion mechanism of massive stars should
ultimately be able to explain the observed explosion energies, nucleosyn-
thetic yields (in particular of radioactive isotopes like 56Ni, which are
created near the mass cut), and the masses of the compact remnants
(neutron stars or black holes) and their connection with the progenitor
mass.
Recent evaluations of photometric and spectroscopic data for samples
of well-observed Type-II plateau supernovae reveal a wide continuum
of kinetic energies and ejected nickel masses. Faint, low-energy cases
4Figure 1. Explosion energy (left) and ejected 56Ni mass as functions of the main
sequence mass of the progenitor stars for several supernovae and hypernovae [from
Nomoto et al. (2002)].
seem to be nickel-poor whereas bright, high-energy explosions tend to
be nickel-rich and associated with more massive progenitors (Hamuy
2002). This direct correlation between stellar and explosion properties,
however, is not apparent in an independent analysis by Nadyozhin (2002)
who speculates that more than one stellar parameter (rotation or mag-
netic fields besides the progenitor and core mass) might determine the
explosion physics. A large range of nickel masses and explosion energies
was also found for Type Ib/c supernovae (Hamuy 2002). Interpreting
results obtained by the fitting of optical lightcurves and spectra, Nomoto
et al. (2002) proposed that explosions of stars with main sequence masses
above 20–25M⊙ split up to a branch of extraordinarily bright and en-
ergetic events (“hypernovae”) at the one extreme and a branch of faint,
low-energy or even “failed” supernovae at the other. Stars with such
large masses might collapse to black holes rather than neutron stars.
The power of the explosion could depend on the amount of angular mo-
mentum in the collapsing core, which in turn can be sensitive to a number
of effects such as stellar winds and mass loss, metallicity, magnetic fields,
binarity or spiraling-in of a companion star in a binary system.
Another constraint for supernova theory comes from measured neu-
tron star and black hole masses. A direct mass determination may not
be possible for compact remnants inside supernova explosions, but the
combined information about progenitor (ejecta) mass, kinetic energy,
and nickel mass of a supernova (as deduced from spectroscopic and pho-
tometric data) may be used to determine the mass cut in a progenitor
model by reproducing the known parameters with numerical simula-
tions. Masses of binary pulsars (Thorsett & Chakrabarty 1999; Stairs et
al. 2002) and X-ray binaries (Bailyn et al. 1998) also add to our knowl-
edge about compact supernova remnants. In this case, however, binary
Explosion Mechanisms of Massive Stars 5
effects make it even more difficult to establish a link to progenitor prop-
erties and therefore conclusions on the supernova mechanism should be
drawn with great caution.
Complete and incomplete silicon and oxygen burning behind the su-
pernova shock depend on the strength of the shock and the structure
of the progenitor. The abundances of corresponding nucleosynthetic
products, if observed in an individual supernova or supernova remnant,
can therefore yield information about the exploding star and the ex-
plosion energy. Their spatial distribution can also reveal anisotropies
and mixing phenomena during the explosion as in case of, e.g., Super-
nova 1987A or the Vela supernova remnant. Another serious constraint
for the explosion mechanism and the conditions near the mass cut comes
from a comparison of integral yields of supernova nucleosynthesis with
Galactic abundances. The ejected mass of closed-neutron shell isotopes
with N = 50 of Sr, Y, and Zr, for example, is limited to less than about
10−4M⊙ per event [Hoffman et al. (1996)]. These stable nuclei are easily
created through the capturing of α-particles in the neutron-rich matter
around the mass cut and thus experience conditions in the close vicinity
of the neutron star. The crucial parameters are entropy and neutron
excess. Both are determined by the exposure to high neutrino fluxes,
because neutrinos exchange energy and lepton number with the stellar
medium.
Anisotropic processes and large-scale mixing between the deep interior
and the hydrogen layer had to be invoked in case of Supernova 1987A
to explain the shape of the lightcurve, the unexpectedly early appear-
ance of X-ray and γ-ray emission, and Doppler features of spectral lines
(for a review, see Nomoto et al. 1994). Fifteen years after the explo-
sion, the expanding debris exhibits an axially symmetric deformation
(Wang et al. 2002). Supernova 1987A therefore seems to possess an in-
trinsic, global asymmetry. The same conclusion was drawn for other
core-collapse supernovae (Type-II as well as Ib/c) based on the fact that
their light is linearly polarized at a level around 1% with a tendency
to increase at later phases when greater depths are observed (Wang et
al. 2001; Leonhard et al. 2001). This has been interpreted as evidence
that the inner portions of the explosion, and hence the mechanism itself,
are strongly non-spherical (Ho¨flich, Wheeler, & Wang 1999; Wheeler et
al. 2000), possibly associated with a “jet-induced” explosion (Wang et
al. 2002; Khokhlov et al. 1999). This is a very interesting and potentially
relevant conjecture. It does, however, not necessarily constrain the na-
ture of the physical process that mediates the energy transfer from the
collapsed core of the star to the ejecta and thereby creates the aspheric-
ity.
6Figure 2. Explosion that is driven by neutrino-energy deposition in combination
with convective overturn in the region behind the supernova shock. The anisotropy
of the neutrino- and shock-heated ejecta is growing in time and becomes very large
due to an increasing contribution of the m = 0, l = 1 mode in the convective pattern.
The snapshots (from top to bottom) show the entropy distribution (values between
about 4 and 23 kB per nucleon) at post-bounce times tpb = 245ms, 415ms, 675ms,
and 1000ms. Note that the radial scales of the figures differ. The neutron star is
at the origin of the axially symmetric (2D) grid and plays the role of an isotropic
neutrino “light bulb” (Plewa et al., in preparation).
Explosion Mechanisms of Massive Stars 7
The high space velocities of young pulsars with a mean around 400 km/s
(Lyne & Lorimer 1994; Cordes & Chernoff 1998) have also been used to
argue for an intrinsically asymmetric explosion mechanism. It is very
likely that the neutron stars obtained their recoil at the onset of the
explosion or shortly afterwards (for a review, see Lai 1991; Lai, Cher-
noff, & Cordes 2001). But it is not clear whether the mechanism and
the anisotropies of the explosion are directly connected with the pulsar
kicks. Also a possible “jet” and perhaps a “counter jet” in the gaseous
filaments of the Cas A supernova remnant may neither be linked to the
process that started the supernova explosion nor to the runaway velocity
of the compact remnant. The latter could have been accelerated (maybe
by anisotropic neutrino emission) after the explosion was launched. The
jet-like features — if at all caused by processes at the supernova center
and not by local inhomogeneities at the forward shock — may have been
produced even later, for example by bipolar outflow from a neutron star
or a black hole that has accreted from a disk of fallback matter. In-
terestingly, inspecting the images given by Gotthelf et al. (2001), the
dislocation of the compact source relative to the geometrical center of
the remnant appears not to coincide with the direction of the possible
“jets” (compare also Thorstensen, Fesen, & van den Bergh 2001).
Rotation plus magnetic fields were proposed as the “most obvious”
way to break the spherical symmetry and to explain the global as-
phericity of core-collapse supernovae (Wheeler, Meier, & Wilson 2002;
Akiyama et al. 2002; Wheeler 2002). It was argued that current numer-
ical calculations may be missing a major ingredient necessary to yield
explosions. A proper treatment of rotation and magnetic fields may be
necessary to fully understand when and how stellar collapse leads to an
explosion. Of course, this might be true. But a confirmation or rejection
will require computer models with ultimately the full physics.
It must be stressed, however, that current observations do not neces-
sitate such conclusions and hydrodynamical simulations suggest other
possible explanations. Strong convection in the neutrino-heating region
behind the supernova shock can account for huge anisotopies of the in-
ner supernova ejecta, even without invoking rotation. If the explosion
occurs quickly, much power remains on smaller scales until the expan-
sion sets in and the convective pattern gets frozen in. If, in contrast, the
shock radius grows only very slowly and the explosion is delayed for sev-
eral 100ms after bounce, the convective flow can merge to increasingly
larger structures. In two-dimensional (2D) hydrodynamic calculations
including cooling and heating by neutrinos between the neutron star and
the shock (with parameter choices for a central, isotropic neutrino “light
bulb” which enabled explosions), we (Plewa et al., in preparation) found
8situations where the convective pattern revealed a contribution of the
l = 1, m = 0 mode that was growing with time and was even dominant
at about one second after bounce (Fig. 2). Herant (1995) already spec-
ulated about such a possibility. Certainly three-dimensional (3D) calcu-
lations of the full sphere (and without the coordinate singularity on the
axis of the spherical grid) are indispensable to convincingly demonstrate
the existence of this phenomenon1.
3. Theoretical Possibilities
The primary energy source for powering supernovae of massive stars is
the gravitational binding energy of the newly formed proto-neutron star
or proto-black hole (energy from nuclear reactions contributes at a minor
level). To initiate and drive the explosion, energy has to be transferred
to the stellar matter above the mass cut to be finally converted to kinetic
energy of the ejecta. This could be achieved by hydrodynamical shocks,
neutrinos, or magnetic fields as mediators. Collimated outflows or jets of
relativistic plasma might also play a role for very special circumstances.
Depending on the mediator, the conditions for efficient energy transfer,
the corresponding timescale, and the tapped energy reservoir are differ-
ent. A lot of work has been spent in the past 40 years to identify viable
supernova mechanisms and to study the involved physics. The space
here is not sufficient to review all important papers. We shall therefore
only focus on some key contributions without attempting completeness.
3.1 Hydrodynamical (Prompt) Mechanism
When the homologously collapsing inner part of the stellar core is
abruptly stopped at core bounce by the stiffening of the nuclear equation
of state (EoS), a hydrodynamical shock is formed at the boundary to
the supersonically infalling outer part (Colgate & White 1966). In this
case the initial energy of the shock is equal to the kinetic energy of the
inner core “at the last moment of good homology” (Mo¨nchmeyer 1993):
Esh,i ≈ 6×10
51 Mic
M⊙
(
vmax
4×109 cm s−1
)2
erg , (1)
when Mic is the mass of the homologously collapsing part of the stellar
core and vmax its maximum infall velocity. There is general agreement
1Another interesting possibility was pointed out by Blondin, Mezzacappa, & De-
Marino (2002). Their 2D (and 3D; Mezzacappa et al. 2002) calculations revealed hydrody-
namical instabilities in the accretion flow behind the stalled shock, which instigate large-scale
modes even in the absence of neutrino heating. Whether these calculations are of relevance
for the supernova problem has be to seen.
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now, supported by a large number of numerical calculations (e.g., Bruenn
1985; Bruenn 1989a; Bruenn 1989b; Myra et al. 1987; Myra & Bludman
1989; Swesty, Lattimer, & Myra 1994), that this energy is not sufficient
for the shock to reach the surface of the iron core: The energy losses
from behind the shock by photodisintegration of nuclei to α-particles
and free nucleons (∼ 1.5 × 1051 erg per 0.1M⊙) as well as neutrino es-
cape after shock breakout through the neutrinosphere (some 1051 erg)
are so severe that the shock stalls within milliseconds. Only in case of
extremely small iron cores (M <∼ 1.1M⊙;Baron & Cooperstein 1990)
or an extraordinarily soft nuclear EoS (Baron, Cooperstein, & Kahana
1985; Baron et al. 1987) is the prompt hydrodynamical shock able to dis-
rupt the star. Nevertheless, the hope that the prompt hydrodynamical
bounce-shock mechanism might work for some stars in a mass window
around 10M⊙ has not been given up completely (Hillebrandt, Wolff, &
Nomoto 1984; Sumiyoshi et al. 2001).
3.2 Magnetohydrodynamical (MHD)
Mechanism
Soon after the discovery of pulsars the role of rotation and mag-
netic fields in the supernova explosion was scrutinized (Ostriker & Gunn
1971; Bisnovatyi-Kogan 1971). Because of flux conservation a seed field
in the stellar core can grow significantly during collapse, although for
realistic initial fields not to a strength that magnetic pressure could be
dynamically important. But winding of field lines in the case of differen-
tial rotation, which is natural after the collapse of a spinning core, can
further amplify the toroidal field component. If the magnetic pressure
becomes comparable to the thermal pressure, magnetohydrodynamical
forces can drive an explosion (Mu¨ller & Hillebrandt 1979), and might
accelerate axial jets (LeBlanc & Wilson 1970; Wheeler, Meier, & Wilson
2002). Also buoyancy instabilities of highly magnetized matter could
produce mass motions (Meier et al. 1976). In this case rotational energy
of the spinning proto-neutron star is converted to magnetic energy, a
part of which might then end up as kinetic energy of the ejecta. Hence,
Eej <∼ 5×10
52 Mns
1.5M⊙
(
Rns
10 km
)2 ( Trot
1ms
)−2
erg , (2)
when Trot is the spin period of the forming neutron star with mass
Mns. The field, however, grows linearly with time and therefore the
timescale to reach sufficiently strong fields is long compared to the ac-
cretion timescale of the collapsed core, unless unrealistically large initial
values are assumed (Meier et al. 1976; Mu¨ller & Hillebrandt 1979). Re-
cently it was suggested that the magnetorotational instability (MRI),
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which was discussed in the context of accretion disks by Balbus & Haw-
ley (1998), might also be in action in the supernova core (Akiyama et
al. 2002). Because of an exponential growth, this would reduce the field
amplification timescale drastically and would allow for much smaller ini-
tial seed fields, too. It remains to be shown, however, whether the field
can grow to a dynamically effective strength in a self-consistent model
for reasonable assumptions about the rotation of stellar cores and de-
spite of diverse effects that can lead to field saturation or hinder field
growth. Moreover, it is unclear whether axial jets can be initiated by
the MRI at the conditions in collapsing stellar cores. Implications for
supernova nucleosynthesis are unexplored, but might be problematic if
MHD explosions are frequent (Meier et al. 1976). The amplification and
transport of magnetic fields in convective regions inside the nascent neu-
tron star (Thompson & Duncan 1993) and in the neutrino-heating layer
behind the supernova shock (Thompson & Murray 2001) also deserve
further attention with respect to the generation of pulsar fields.
3.3 Neutrino-Heating (Delayed) Mechanism
While neutrinos drain energy from the shock-heated matter imme-
diately after bounce, the situation changes somewhat later when the
density and temperature behind the shock have dropped. High-energy
neutrinos, emitted abundantly from the hot accretion layer that covers
the nascent neutron star, are absorbed with a small, but finite proba-
bility (typically ∼ 10%) in the postshock gas. If this energy deposition
is large enough, the stalled supernova shock can be revived. Since this
can happen on a timescale of hundred or more milliseconds after bounce,
the explosion is called “delayed” in contrast to the prompt bounce-shock
mechanism (Wilson 1985; Bethe & Wilson 1985). The idea that the en-
ergy transfer to the ejecta is mediated by neutrinos goes back to (Colgate
& White 1966). During core collapse and subsequent contraction, the
gravitational binding energy of the forming neutron star is first stored
as internal energy (degeneracy energy of leptons and thermal energy of
nucleons) and only slowly carried away by neutrinos on the diffusion
timescale of several seconds. The kinetic energy required for the super-
nova explosion is of order 1051 erg and hence tiny compared to the huge
reservoir of binding energy,
Ekin ≪
3
5
GM2ns
Rns
∼
1
10
Mnsc
2 ∼ 3×1053 erg , (3)
where the second expression results from the first by using Rns ∼ 3Rs ≡
6GMns/c
2. But just a smaller fraction (about 10%) of this energy is
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actually radiated in neutrinos during the first hundreds of milliseconds
until the explosion starts.
Neutrino heating behind the shock is essentially unavoidable. The
temperature in this region drops roughly like T ∝ r−1 (close to isentropic
conditions), which means that the energy loss rate of the stellar plasma
by neutrinos produced in e± captures on protons and neutrons falls like
Q−
ν
∝ T 6 ∝ r−6. In contrast, the energy deposition by νe-absorption on
neutrons and ν¯e-absorption on protons decreases much more slowly. The
heating rate varies roughly proportional to the neutrino energy density
(which scales with the summed luminosity of νe plus ν¯e, Lν , divided by
the square of the inverse distance r from the neutrinosphere) and the
mean squared energy
〈
ǫ2
ν
〉
(because of the dependence of the absorption
cross section on the neutrino energy ǫν), i.e., Q
+
ν
∝ Lν
〈
ǫ2
ν
〉
/r2. This
means that there must be a radial position, the so-called “gain radius”
(Bethe & Wilson 1985), exterior of which neutrino heating dominates
neutrino cooling. The heating rate for matter that is disintegrated to
free neutrons and protons can be estimated as
Q+
ν
∼ 550
Lν,53〈ǫ
2
ν,15〉
r27
MeV
s
(4)
per nucleon for a typical luminosity of νe plus ν¯e of 10
53 erg/s, 15MeV
for the rms neutrino energy, and r measured in units of 107 cm. The
explosion energy should scale as
Eexp ∼
∆M
mu
Q+
ν
∆th , (5)
where ∆M is the neutrino-heated mass, mu the nucleon mass, and ∆th
the timescale of neutrino-energy deposition. The latter can be assumed
to be roughly the time until nucleons have absorbed an energy compara-
ble to their binding energy in the gravitational potential of the neutron
star, i.e.,
∆th ∼
GMnsmu
Q+ν r
∼ 40 ms (6)
for Mns ≈ 1.5M⊙. These arguments suggest that the gradual (in con-
trast to impulsive) energy deposition by neutrinos might not be respon-
sible for a dominant fraction of the net explosion energy of a supernova.
Instead, neutrino heating helps to compensate the gravitational binding
and thus triggers the outward expansion of the supernova ejecta. The en-
ergy per baryon increases further by ongoing energy transfer from neutri-
nos to the accelerating matter, and finally reaches its limiting value due
to the energy release in recombinations of free nucleons to nuclei. This
12
recombination energy may account for a major part of the supernova
energy. Numerical simulations and analytic considerations (Janka 2001)
suggest a mass ∆M between a few 10−2M⊙ and about 10
−1M⊙. With
a typical energy deposited by neutrino heating being around 5MeV per
nucleon (Janka 2001), the explosion energy could range between some
1050 erg and several 1051 erg, when about 8MeV are set free for each
nucleon that recombines. These numbers naturally match the energies
of observed normal supernovae (cf. Sect. 2).
3.4 Jet-Powered Explosions
Stars with main sequence masses beyond 20–25M⊙ seem to be as-
sociated with much more powerful explosions with energies up to sev-
eral 1052 erg (Sect. 2). Such energies are probably out of reach for the
neutrino-heating mechanism as described above. The idea has been
coined (Popham, Woosley, & Fryer 1999; MacFadyen & Woosley 1999)
that the core of such stars collapses to a black hole, which then contin-
ues to accrete the infalling matter of the progenitor star (“collapsar” or
“failed supernova”; Woosley 1993). Provided that the stellar core has
retained enough angular momentum during its pre-collapse evolution (or
was spun up by a merger with a binary companion), the accretion will
proceed at very high rates through a disk or torus on the timescale of
viscous angular momentum transport, which is much longer than the
dynamical timescale. Therefore the efficiency of energy release can in
principle be much higher than in case of spherical accretion. In terms of
the rest-mass energy of the accreted matter one can get Eacc = ξMaccc
2
with maximum values between ξ = 0.057 for a non-rotating black hole
and ξ = 0.42 for an extreme Kerr hole that accretes from a corotating
thin disk (Shapiro & Teukolsky 1983). Since the mass accretion rates
are hypercritical and the densities in the disk correspondingly high, pho-
tons cannot escape and the energy is set free in form of neutrinos rather
than electromagnetic radiation (Popham, Woosley, & Fryer 1999). The
efficiency may be reduced compared to the quoted maximum values if
the density and temperature are too low for rapid neutrino production
or the disk is very dense and thus becomes nontransparent to neutrinos.
In these cases the energy is advected into the black hole by the accretion
flow instead of being carried away by neutrinos (Di Matteo, Perna, &
Narayan 2002).
Alternatively, magnetohydrodynamical processes may drive outflows
from the disk (e.g., Meier, Koide, & Uchida 2001; Daigne & Mochkovitch
2002; Drenkhahn 2002; Drenkhahn & Spruit 2002). It is also possible
that the rotational energy of the spinning black hole is extracted via the
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Blandford and Znajek mechanism (Blandford & Znajek 1977) through
magnetic fields that are anchored in the black hole and couple it to the
surrounding disk.
By the annihilation of neutrinos and antineutrinos to e±-pairs (Woos-
ley 1993) or the mentioned MHD processes, polar jets could be launched
to propagate through the star along the rotation axis (MacFadyen &
Woosley 1999; Aloy et al. 2000; Zhang, Woosley, & MacFadyen 2002).
In case the jets remain collimated and highly relativistic until they break
out of the stellar surface (which requires that the star does not possess an
extended hydrogen envelope; Matzner 2002) gamma-ray bursts (GRBs)
may be triggered. Nonrelativistic jets that expand laterally and sweep
up the surrounding progenitor gas, or energetic winds from the accre-
tion torus might be the driving force behind enormously powerful stellar
explosions (MacFadyen, Woosley, & Heger 2001) which are observed as
so-called “hypernovae” and GRB-supernovae (Iwamoto et al. 1998). For
an overview and more information, see Woosley, Zhang, & Heger (2002).
The different mechanisms for massive star explosions as described
above require different properties of the progenitor stars and different
physical conditions in the collapsed stellar cores. The latter are incom-
pletely known, but some of the requirements are more likely fulfilled
than others, some combinations of necessary conditions may be more
common and more typical, while others might be realized only in rare
cases and for very special, exceptional circumstances. It is possible, if
not probable, that the diversity of the observed explosions of massive
stars and the large number of associated phenomena mean that more
than one mechanism is at work. It may also be, however, that the ma-
jority of ordinary supernovae can be ascribed to the same central process
which might then depend extremely sensitively on yet to be determined
parameters.
4. Do Neutrino-Driven Explosions Work?
The neutrino-driven mechanism (Wilson 1985; Bethe & Wilson 1985)
involves a minimum of controversial assumptions and uncertain degrees
of freedom in the physics of collapsing stars. It relies on the impor-
tance of neutrinos and their energetic dominance in the supernova core.
After the detection of neutrinos in connection with Supernova 1987A
and the overall confirmation of theoretical expectations for the neutrino
emission, this is not a speculation any more but an established fact. Of
course, this does not mean that such a minimal input is sufficient to un-
derstand the cause of supernova explosions and to explain all observable
properties of supernovae. But at least it can be taken as a good reason
14
to investigate how far one can advance with a minimum of imponderabil-
ities. Detailed numerical simulations are needed to answer the crucial
question in this context: Is neutrino-energy deposition efficient enough
to drive the explosion?
Spherically symmetric simulations with the current input physics (neu-
trino interactions and the equation of state of dense matter) do not yield
explosions by the neutrino-heating mechanism. There is no controversy
about that. All computations are in agreement, independent of New-
tonian or relativistic gravity and independent of the neutrino transport
being treated in an approximate way by flux-limited diffusion methods
(e.g., Myra et al. 1987; Myra & Bludman 1989; Bruenn 1993; Bruenn, De
Nisco, & Mezzacappa 2001) or very elaborately by solving the frequency-
and angle-dependent Boltzmann transport equation (Rampp & Janka
2000; Mezzacappa et al. 2001; Liebendo¨rfer et al. 2001; Liebendo¨rfer et
al. 2002).
Whether neutrinos succeed in reviving the stalled shock depends on
the efficiency of the energy transfer to the postshock layer, which in turn
increases with the neutrino luminosity and the hardness of the neutrino
spectrum. Wilson and collaborators (Wilson & Mayle 1988; Wilson &
Mayle 1993; Mayle, Tavani, & Wilson 1993; Totani et al. 1998) have
obtained explosions in one-dimensional (1D) simulations for more than
ten years now. In these models it is, however, assumed that neutron-
finger convection in the hot neutron star boosts the neutrino luminosi-
ties. Moreover, a special equation of state with a high abundance of
pions in the nuclear matter was used (Mayle, Tavani, & Wilson 1993),
which again leads to higher neutrino fluxes from the neutron star and
thus to enhanced energy-deposition behind the shock. Both assumptions
are not generally accepted.
Two-dimensional (Herant, Benz, & Colgate 1992; Herant et al. 1994;
Shimizu, Yamada, & Sato 1994; Burrows, Hayes, & Fryxell 1995; Janka
& Mu¨ller 1996; Mezzacappa et al. 1998; Shimizu et al. 2001) and 3D sim-
ulations (Shimizu, Yamada, & Sato 1993; Fryer & Warren 2002) as well
as theoretical considerations (Bethe 1990) have shown that the neutrino-
heating layer is unstable to convective overturn. The associated effects
support shock revival and can lead to explosions even in cases where
spherical models fail. In the multi-dimensional situation accretion and
expansion can occur simultaneously. Downflows of cooler, low-entropy
matter that has fallen through the shock, coexist with rising bubbles
of high-entropy, neutrino-heated gas (Fig. 2). On the one hand, the
downflows carry cool material close to the gain radius where it absorbs
energy readily from the intense neutrino fluxes. On the other hand,
heated matter rises in bubbles and can expand and cool quickly, which
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reduces the energy loss by the reemission of neutrinos. This also in-
creases the postshock pressure and hence pushes the shock farther out.
The gain layer grows and thus more gas can accumulate in the neutrino-
heating region. The gas also stays longer in the gain layer, in contrast
to one-dimensional models where the matter behind the accretion shock
has negative velocity and is quickly advected down to the cooling layer.
When the gas arrives there, neutrino emission sets in and extracts again
the energy which had been absorbed from neutrino heating shortly be-
fore. Due to the combination of all these effects postshock convection
enhances the efficiency of the neutrino-heating mechanism. Therefore
the multi-dimensional situation is generically different from the spheri-
cally symmetric case.
Nevertheless, the existence of convective overturn in the neutrino-
heating layer does not guarantee explosions (Janka & Mu¨ller 1996; Mez-
zacappa et al. 1998). For insufficient neutrino heating the threshold to
an explosion will not be overcome. Since neutrinos play a crucial role, an
accurate description of the neutrino physics — transport and neutrino-
matter interactions — is indispensable to obtain conclusive results about
the viability of the neutrino-driven mechanism. All previously published
multi-dimensional explosion models, however, have employed some crude
approximations or simplifications in the treatment of neutrinos.
5. A New Generation of Multi-Dimensional
Supernova Simulations
In order to take a next step of improvement in supernova modelling,
we have coupled a new Boltzmann solver for the neutrino transport
to the PROMETHEUS hydrodynamics code. The combined program
is called MuDBaTH (Multi-Dimensional Boltzmann Transport and
Hydrodynamics) and allows for spherically symmetric as well as multi-
dimensional simulations (Rampp & Janka 2002). Below we present some
results of 1D and our first 2D supernova simulations with this new code.
5.1 Technical Aspects and Input Physics
For the integration of the equations of hydrodynamics we employ the
Newtonian finite-volume code PROMETHEUS (Fryxell, Mu¨ller, & Ar-
nett 1989), which was supplemented by additional problem specific fea-
tures (Keil 1997). PROMETHEUS is a direct Eulerian, time-explicit
implementation of the Piecewise Parabolic Method (PPM) of Colella
& Woodward (1994). As a second-order Godunov scheme employing a
Riemann solver it is particularly well suited for following discontinuities
in the fluid flow like shocks or boundaries between layers of different
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chemical composition. A notable advantage in the present context is
its capability of tackling multi-dimensional problems with high com-
putational efficiency and numerical accuracy. Our code makes use of
the “Consistent Multifluid Advection (CMA)” method (Plewa & Mu¨ller
1999) for ensuring accurate advection of different chemical components
in the fluid, and switches from the original PPM method to the more
diffusive HLLE solver of Einfeldt (1988) in the vicinity of strong shocks
to avoid spurious oscillations (the so-called “odd-even decoupling” phe-
nomenon) when such shocks are aligned with one of the coordinate lines
in multidimensional simulations (Quirk 1994; Kifonidis 2000; Plewa &
Mu¨ller 2001).
The Boltzmann solver scheme is described in much detail elsewhere
(Rampp & Janka 2002). The integro-differential character of the Boltz-
mann equation is tamed by applying a variable Eddington factor closure
to the neutrino energy and momentum equations (and the simultane-
ously integrated first and second order moment equations for neutrino
number). For this purpose the variable Eddington factor is determined
from the solution of the Boltzmann equation, and the system of Boltz-
mann equation and its moment equations is iterated until convergence
is achieved. Employing this scheme in multi-dimensional simulations
in spherical coordinates, we solve the radius- (and energy-) dependent
moment equations on the different angular bins of the numerical grid
but calculate the variable Eddington factor only once on an angularly
averaged stellar background. This approximation is good only for sit-
uations without significant global deformations. Since the iteration of
the Boltzmann equation has to be done only once per time step, ap-
preciable amounts of computer time can be saved (Rampp & Janka
2002). We point out here that it turned out to be necessary to go an
important step beyond this simple “ray-by-ray” approach. Physical con-
straints, namely the conservation of lepton number and entropy within
adiabatically moving fluid elements, and numerical requirements, i.e.,
the stability of regions which should not develop convection according
to a mechanical stability analysis, make it necessary to take into account
the coupling of neighbouring rays at least by lateral advection terms and
neutrino pressure gradients (Buras et al., in preparation).
General relativistic effects are treated only approximately in our code
(Rampp & Janka 2002). The current version contains a modification
of the gravitational potential by including correction terms due to pres-
sure and energy of the stellar medium and neutrinos, which are deduced
from a comparison of the Newtonian and relativistic equations of motion.
The neutrino transport contains gravitational redshift and time dilation,
but ignores the distinction between coordinate radius and proper radius.
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This simplification is necessary for coupling the transport code to our
basically Newtonian hydrodynamics. Although a fully relativistic treat-
ment would be preferable, tests showed that these approximations seem
to work satisfactorily well (Liebendo¨rfer et al., in preparation), at least
as long as there are only moderate (∼10–20%) deviations of the metric
coefficients from unity and the infall velocities do not reach more than
10–20% of the speed of light in decisive phases of the evolution.
As for the neutrino-matter interactions, we discriminate between two
different sets of input physics. On the one hand we have calculated
models with conventional (“standard”) neutrino opacities, i.e., a descrip-
tion of the neutrino interactions which follows closely the one used by
Bruenn and Mezzacappa and collaborators (Bruenn 1985; Mezzacappa
& Bruenn 1993a; Mezzacappa & Bruenn 1993b). It assumes nucleons to
be uncorrelated, infinitely massive scattering targets for neutrinos. In
these reference runs we have usually also added neutrino pair creation
and annihilation by nucleon-nucleon bremsstrahlung (Hannestad & Raf-
felt 1998). Details of our implementation of these neutrino processes can
be found elsewhere (Rampp & Janka 2002).
A second set of models was computed with an improved description of
neutrino-matter interactions. Besides including nucleon thermal motions
and recoil, which means a detailed treatment of the reaction kinemat-
ics and allows for an accurate evaluation of nucleon phase-space block-
ing effects, we take into account nucleon-nucleon correlations (following
Burrows & Sawyer 1998; Burrows & Sawyer 1999), the reduction of the
nucleon effective mass, and the possible quenching of the axial-vector
coupling in nuclear matter (Carter & Prakash 2002). In addition, we
have implemented weak-magnetism corrections as described by Horowitz
(2002). The sample of neutrino processes was enlarged by also includ-
ing scatterings of muon and tau neutrinos and antineutrinos off electron
neutrinos and antineutrinos and pair annihilation reactions between neu-
trinos of different flavors [i.e., νµ,τ+ν¯µ,τ ←→ νe+ν¯e; Buras et al. (2002)].
Our current supernova models are calculated with the nuclear equa-
tion of state of Lattimer & Swesty (1991) using an incompressibility
modulus of K = 180MeV (other values of the incompressibility of bulk
nuclear matter in the Lattimer & Swesty EoS cause only minor differ-
ences, see Thompson, Burrows, & Pinto 2002). For the density regime
below 6 × 107 g/cm3 we switch to an equation of state that considers
electrons, positrons and photons, and nucleons and nuclei with an ap-
proximative treatment for composition changes due to nuclear burning
and shifts of nuclear statistical equilibrium (Rampp & Janka 2002).
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Table 1. Input physics for our set of computed models. See Sect. 5.1 for details.
Model Dim. Gravity ν Reactions Transport Wedgea Zones
s15Nso 1d.a 1D Newtonian standard Case A
s15Nso 1d.b 1D Newtonian standard Case B
s15Nso 2d.a 2D Newtonian standard Case A ±27o 20
s15Gso 1d.b 1D approx. GR standard Case B
s15Gso 1d.b∗ 1D approx. GR standardb Case B
s15Gio 1d.a 1D approx. GR improvedc Case A
s15Gio 2d.a 2D approx. GR improved Case A ±43.2o 32
s15Gio 1d.b 1D approx. GR improved Case B
s15Gio 2d.b 2D approx. GR improved Case B ±43.2o 32
a Angular wedge of the spherical coordinate grid around the equatorial plane.
b Calculation without neutrino-pair creation by nucleon-nucleon bremsstrahlung.
c Calculation without the neutrino-antineutrino processes of Buras et al. (2002).
x
y
z
Figure 3. Computational grid for
the 2D simulations. The wedge is
placed around the equatorial plane of
the spherical coordinate grid. Az-
imuthal symmetry around the z-axis is
assumed, and periodic conditions are
used at the lateral grid boundaries.
5.2 Models and Results
We have performed a number of core-collapse simulations in spheri-
cal symmetry and then followed the post-bounce evolution in one and
two dimensions. All described calculations were started from a 15M⊙
progenitor star, Model s15s7b2, provided to us by S. Woosley. Adopting
the naming, we label our models by s15N for Newtonian runs and s15G
for runs with approximate treatment of general relativity, followed by
letters “so” when “standard neutrino opacities” were used and by “io” in
case of our state-of-the-art improvement of the description of neutrino-
matter interactions. The model names have a suffix that discriminates
between 1D (“ 1d”) and 2D simulations (“ 2d”). For the 2D models we
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Figure 4. Shock trajectories (top) and total neutrino luminosities (sum of luminosi-
ties of νe, ν¯e, and muon and tau neutrinos and antineutrinos; bottom) for all models.
Bold lines correspond to two-dimensional simulations. Model H2 (s15Gio 2d.b) is the
most complete 2D simulation. It was computed with the improved set of neutrino
opacities, relativistic effects, and all velocity-dependent terms retained in the neutrino
transport equations.
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Figure 5. Trajectories of mass shells (time being normalized to bounce) for the
non-exploding (top) and the exploding 2D model. In the latter case one can see
the shock starting a rapid expansion at about 150ms after bounce. The dashed lines
indicate the shock positions in the corresponding 1D simulations, where no explosions
were obtained. The angle-averaged gain radius is given by the dotted line, and the
neutrinospheres of νe, ν¯e and heavy-lepton neutrinos (lower solid, dashed, and dash-
dotted lines, respectively) are also marked.
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used a spherical coordinate grid with 20 or 32 equidistant zones within
an angular wedge from −27o to +27o or from −43.2o to +43.2o, respec-
tively, around the equatorial plane and assumed periodic conditions at
the boundaries (Fig. 3).
We have varied yet another aspect in our simulations. Some of the
models were computed with a version of the transport code where the
velocity dependent (Doppler shift and aberration) terms in the neu-
trino momentum equation (and the corresponding terms in the Boltz-
mann equation for the antisymmetric average of the specific intensity;
see Rampp & Janka 2002) were omitted. These terms are formally of
order v/c and should be small for low velocities. This simplification of
the neutrino transport, our so-called “Case A”, was used in the models
which have names ending with the letter “a”. Models with neutrino
transport including all velocity dependent terms also in the neutrino
momentum equation (“Case B”) can be identified by the ending “b” of
their names. Table 1 provides an overview of the computed models.
The shock trajectories and corresponding total neutrino luminosities
of all models are displayed in Fig. 4. No explosions, neither with the
standard nor with the improved description of the neutrino opacities,
were obtained with the most complete implementation of the transport
equations, Case B (see lines labeled with M1, H1, H2, S1, B1, corre-
sponding to Models s15Nso 1d.b, s15Gio 1d.b, s15Gio 2d.b, s15Gso 1d.b
and s15Gso 1d.b∗, respectively). The shock trajectories of this sample
of models form a cluster that is clearly separated from the models com-
puted with the transport version of Case A, which generally show a larger
shock radius and therefore more optimistic conditions for explosions.
The simplification of the neutrino transport in Case A has a remark-
able consequence which is obvious from a comparison of the 2D runs
of Models s15Gio 2d.a and s15Gio 2d.b, which both were performed
with our approximation of relativistic effects and the state-of-the-art im-
provement of neutrino-matter interactions (cf. Sect. 5.1). While Model
s15Gio 2d.b fails to explode, the stalled shock in Model s15Gio 2d.a is
successfully revived by neutrino heating because very strong convection
can develop in the gain region. The time evolution of both models is
displayed by the trajectories of mass shells in Fig. 5.
The reason for this dramatic difference can be understood in the
following way. Some of the velocity dependent terms (those in which
derivatives with respect to the neutrino energy do not show up) in the
neutrino momentum equation have a simple formal interpretation: In
regions with mass infall (negative velocity) they effectively act like a re-
duction of the neutrino-medium interaction on the right hand side of this
equation. The corresponding changes can be 10% or more for neutrino
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energies in the peak of the spectrum, depending also on time, radius,
and the size of the postshock velocities. As a consequence of the omis-
sion of these terms in Model s15Gio 2d.a, neutrinos are impeded in their
streaming. Therefore the comoving-frame neutrino (energy) density is
increased (see Fig. 6). This is associated with slightly lower neutrino
losses in the cooling layer around the neutrinosphere and a significantly
enhanced neutrino heating between gain radius and shock.
Conversely, the inclusion of the velocity-dependent terms in the neu-
trino momentum equation has negative consequences for the shock prop-
agation in Model s15Gio 2d.b. Although the differences at early post-
bounce times are moderate (10–30%, depending on the quantity) the
accumulating effects during the first 80ms after bounce clearly damp
the shock expansion and finally lead to a dramatic shock recession after
the initial phase of expansion. Before this happens postshock convection
has not become strong enough to change the evolution. With the onset
of contraction, the postshock velocities decrease (become more negative)
quickly, neutrino-heated matter is rapidly advected down through the
gain radius and loses its energy by the reemission of neutrinos. The
larger negative values of the postshock velocity enhance the influence
of the velocity-dependent terms and reduce the heating efficiency even
more. Because of this disastrous feedback, the gain region shrinks to a
very narrow layer, a fact which suppresses the convective activity lateron.
This is demonstrated by Figs. 7 and 8, which show that the convection
is weak in Model s15Gio 2d.b but very strong in Model s15Gio 2d.a.
Due to a combination of unfavorable effects and a continuously am-
plifying negative trend, Model s15Gio 2d.b remains below the explosion
threshold while Model s15Gio 2d.a is just above that critical limit. In
the vicinity of the threshold the long-time evolution of the collapsing
stellar core therefore depends very sensitively on “smaller details” of the
neutrino transport.
The two simulations also demonstrate that a sufficiently large shock
radius for a sufficiently long time is crucial for the growth of convective
overturn in the neutrino-heating layer. Only when convection behind the
shock becomes strong it can be decisive for getting an explosion. This
latter fact is known from previous multi-dimensional simulations (Janka
& Mu¨ller 1996; Mezzacappa et al. 1998) and is again confirmed by a com-
parison of Model s15Gio 2d.a with the corresponding one-dimensional
simulation, Model s15Gio 1d.a. It is interesting that the Newtonian
2D run, Model s15Nso 2d.a (with standard opacities) does marginally
fail, whereas Model s15Gio 2d.a with relativistic corrections (and state-
of-the-art neutrino reactions) succeeds. The influence of the neutrino
opacities can be directly seen by comparing Models s15Gso 1d.b and
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Figure 6. Comparison of the exploding 2D model (Model s15Gio 2d.a; left) and
the non-exploding 2D model (Model s15Gio 2d.b; right). The top panels show the
(comoving-frame) neutrino luminosities and rms energies as functions of time after
bounce. The middle panels display the neutrino energy moment J , multiplied by r2
and the flux factor H/J and Eddington factor K/J for both models at post-bounce
time t = 72.5ms, which corresponds roughly to the moment of maximum shock
expansion in Model s15Gio 2d.b (cf. Fig. 5). The lower panels give the total neutrino
luminosities and neutrino heating rates in the comoving frame of the stellar fluid at
the same time.
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Figure 7. Convection in the neutrino-heating region for the non-exploding 2D model
(Model s15Gio 2d.b) at the post-bounce times indicated in the plots. The figures show
the entropy distribution (left) and the electron fraction (proton-to-baryon ratio). A
wedge of ±43.2o around the equatorial plane (marked by the diagonal solid lines) of
the spherical coordinate grid was used for the computation.
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Figure 8. Same as Fig. 7, but for the exploding 2D model, Model s15Gio 2d.a. Note
the different radial scales of the four snapshots.
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s15Gio 1d.b. It is not dramatic, but sufficient to justify the inclusion
of the improvements described in Sect. 5.1. Neutrino-pair creation by
bremsstrahlung makes a minor difference during the considered phases
of the evolution (Model s15Gso 1d.b∗ vs. Model s15Gso 1d.b).
We also found that Ledoux convection sets in below the neutrinosphere
already shortly after bounce (Fig. 9). It is persistent until the end of
our simulations and slowly digs farther into the star as already found
in the simulations of Keil, Janka, & Mu¨ller (1996). But the convective
activity is so deep inside the neutron star that its effects on the νe and
ν¯e luminosities and on the supernova dynamics are insignificant.
6. Conclusions and Outlook
We believe that our 2D models with a Boltzmann solver for the neu-
trino transport and a state-of-the-art description of neutrino-matter in-
teractions have considerably reduced the uncertainties associated with
the treatment of the neutrino physics in previous multi-dimensional sim-
ulations. With the most complete implementation of the transport
physics we could not obtain explosions. This result suggests that the
neutrino-driven mechanism fails with the employed input physics, at
least in case of the considered 15M⊙ star. We do not think that the ap-
proximate treatment of general relativistic effects is likely to jeopardize
this conclusion. A comparison with fully relativistic one-dimensional
calculations (Liebendo¨rfer et al., in preparation) is very encouraging.
Because of the remarkable similarity of the shock trajectories of differ-
ent progenitors in spherical symmetry (Liebendo¨rfer et al. 2002), it is
probable that our negative conclusion is also valid for other pre-collapse
configurations with a similar structure. Significant star-to-star varia-
tions of the progenitor properties with a non-monotonic dependence on
the stellar mass (Woosley, Heger, & Weaver 2002), however, suggest that
multi-dimensional core-collapse simulations of a larger sample of stars
are needed before one can make final, more generally valid statements.
Another concern may be the omission of lateral neutrino fluxes in our
multi-dimensional transport approximation. We describe the neutrino
losses from the hot spots that appear at locations where the low-entropy
downflows plunge into the neutrinospheric layer, by just a radial flux.
In reality the neutrinos produced in this semi-transparent matter would
be radiated away more isotropically, a fact which could lead to a larger
reabsorption probability in the surrounding medium. The corresponding
increase of the heating efficiency might not be very large, but could still
be relevant because of the close proximity of our models to an explo-
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Figure 9. Convection below the neutrinosphere at about 100ms after core bounce
in Model s15Gio 2d.b. The upper figure shows the relative fluctuations of entropy
(left) and lepton fraction (right), normalized to the mean values at a given radius.
The lower figure displays the Ledoux criterion for the 1D Model s15Gio 1d.b (without
convection; solid line) and the 2D Model s15Gio 2d.b (dashed line). Positive values
indicate convectively unstable conditions, once in an inner region (located at about
15–30 km) below the neutrinosphere and another time in the neutrino-heating layer
behind the shock.
sion. The supernova problem is highly nonlinear and surprises may lurk
behind every corner.
It would therefore be premature to conclude that the neutrino-driven
mechanism fails and that not even postshock convection can alter this
unquestioned outcome of all current spherical models. Besides studying
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Figure 10. Explosion energy as func-
tion of time for Model s15Gio 2d.a.
Figure 11. Ejecta mass vs. Ye
for Model s15Gio 2d.a at 436ms after
bounce. The total mass of 56Ni is about
0.1M⊙.
other progenitors with multi-dimensional simulations, one should also
investigate the effects of rotation during the neutrino-heating phase and
long-time post-bounce evolution of a supernova. Previous simulations
found weaker explosions in case of rotating models (Fryer & Heger 2000).
But these calculations were performed with a much simplified treatment
of the neutrinos and showed powerful, nearly prompt explosions already
in the absence of rotation. It cannot be excluded that even a moderate
amount of rotation might have significant consequences when added to
nonrotating models which explode only with a long time delay after core
bounce or even fail to do so. Naturally, three-dimensional simulations
are ultimately desirable and could reveal generic differences compared
to 2D, in particular in combination with rotation. The recent results
of (Fryer & Warren 2002), which suggest a large degree of similarity be-
tween 2D and 3D results, are groundbreaking but again must be inter-
preted with caution. The serious approximations of the neutrino physics
and the rapid development of the explosion in these models do not allow
too far-reaching conclusions.
Another major uncertainty of current supernova models is associated
with the incompletely known physics in the nuclear and supranuclear
medium. Not only does the high-density EoS affect the core bounce,
shock formation, and prompt shock propagation, it also determines the
internal properties of the hot neutron star and thus its neutrino emission,
both indirectly and directly. Hadronic degrees of freedom in addition to
nucleons in the supranuclear matter, e.g., hyperons, pions or kaons, can
reduce the stiffness of the EoS at very high densities. The possible effects
on the supernova explosion are essentially unexplored. A softening of
the EoS can, for example, lead to a faster contraction and heating of
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the nascent neutron star. This in turn also determines the density and
temperature profile in the vicinity of the neutrinosphere where most of
the neutrino flux is produced during the crucial phase of delayed shock
revival.
Our successfully exploding 2D model, Model s15Gio 2d.a, at least
demonstrates that simulations which include the effects of postshock
convection are rather close to an explosion. Therefore modest changes
of the neutrino emission and transport (in our case the omission of the
velocity-dependent terms in the neutrino-momentum equation) seem to
be already sufficient to push them beyond the critical threshold. The
properties of the explosion in this case are very encouraging and may
support one’s belief in the basic viability of the delayed explosion mech-
anism. At 440ms after bounce the shock has arrived at a radius of more
than 3000 km and is expanding with about 10000 km/s (Fig. 4). The
explosion of this model does not become very energetic (Fig. 10). The
energy is just ∼ 4 × 1050 erg at that time and grows only very slowly.
This may not be a serious problem if one recalls the large spread of
energies of observed supernovae (Supernova 1999br, for example, is es-
timated to have an ejecta mass of 14M⊙ and an explosion energy of
about 6 × 1050 erg; Hamuy 2002). Moreover, the explosion energy is a
very steep function of the physical conditions in models which are above
the explosion threshold (Janka & Mu¨ller 1995). A significant increase of
the energy may therefore not require large changes.
Since the explosion starts rather late (at ∼ 150ms post bounce), the
proto-neutron star has accreted enough matter to have attained an initial
baryonic mass of 1.4M⊙. Therefore our simulation does not exhibit
the problem of previous successful multi-dimensional calculations which
produced neutron stars with masses on the lower side of plausible values
(∼ 1.1M⊙). Also another problem of published explosion models (e.g.,
Herant et al. 1994; Burrows, Hayes, & Fryxell 1995; Janka & Mu¨ller
1996; Fryer 1999) has disappeared: The ejecta mass with Ye <∼ 0.47
is less than ∼ 10−4M⊙ in our calculation (Fig. 11), thus fulfilling a
constraint pointed out by Hoffman et al. (1996) for supernovae if they
should not overproduce the N = 50 (closed neutron shell) nuclei, in
particular 88Sr, 89Y and 90Zr, relative to the Galactic abundances. Of
course, final statements about explosion energy, ejecta composition, and
the neutron star mass (which may change due to later fallback, especially
when the explosion energy remains low) require to follow the evolution
for a longer time.
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Final Words
There is still a long way to go until we will have arrived at a “standard
model” for massive star explosions. Current numerical simulations are
not advanced enough to convincingly and self-consistently demonstrate
the viability of any of the explosion scenarios described in Sect. 3. De-
spite of respectable progress in treating the neutrino transport, general
relativity, and multi-dimensional aspects in the most detailed numerical
calculations, the models are far from being complete. Neglecting poten-
tially important physics like, e.g., magnetic fields, one cannot be sure
that one is searching for the actual cause of massive star explosions at
the right place. Conversely, the existing simulations also do not bring us
in a position to reject the idea that neutrinos deliver the required energy
in the ejecta.
With the lack of direct observational information and being confronted
with the fact that our knowledge about the physics in collapsing stel-
lar cores is incomplete, there is no alternative to systematically explore
the space of possibilities by hydrodynamical simulations. Since “the
output of complex numerical models is as inscrutable as nature herself”
(Emanuel 1991), it seems advisable to first develop reliable and accurate
supernova models with a minimum of questionable assumptions and then
to move on step by step to expanding them towards larger complexity
and more completeness.
For the time being, one’s favorate choice of the supernova mechanism
is more a matter of taste and belief than based on undisputable facts
and logical reasoning. The “ifs” and “buts” in current models are still
too many. One should be cautious not to put too much money on any
single possibility right now.
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